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The defect effect on hydrogen adsorption on single-walled carbon nanotubes sSWNTsd has been studied by
using extensive molecular dynamics simulations and density functional theory sDFTd calculations. It indicates
that the defects created on the exterior wall of the SWNTs by bombarding the tube wall with carbon atoms and
C2 dimers at a collision energy of 20 eV can enhance the hydrogen adsorption potential of the SWNTs
substantially. The average adsorption energy for a H2 molecule adsorbed on the exterior wall of a defected
s10,10d SWNT is ,150 meV, while that for a H2 molecule adsorbed on the exterior wall of a perfect s10,10d
SWNT is ,104 meV. The H2 sticking coefficient is very sensitive to temperature, and has a maximum value
around 70 to 90 K. The electron density contours, the local density of states, and the electron transfers ob-
tained from the DFT calculations clearly indicate that the H2 molecules are all physisorbed on the SWNTs. At
temperatures above 200 K, most of the H2 molecules adsorbed on the perfect SWNT are soon desorbed, but the
H2 molecules can still remain on the defected SWNTs at 300 K. The detailed processes of H2 molecules
adsorbing on and desorbing from the s10,10d SWNTs are demonstrated.
DOI: 10.1103/PhysRevB.71.075412 PACS numberssd: 61.46.1w, 68.43.Fg
I. INTRODUCTION
Hydrogen storage in carbon nanotubes and in other nano-
structured carbon materials has attracted much research in-
terest due to its potential application of developing safe and
environmentally clean fuel cells for vehicles and portable
applications. The report of a high capacity of hydrogen up-
take in SWNTs sRef. 1d has substantially stimulated the re-
search activities in this area. However, hydrogen storage in
carbon nanotubes still remains as a controversial issue. High
hydrogen storage capacity in SWNTs at room temperature
was obtained experimentally.2–4 A high capacity of hydrogen
uptake at room temperature and 110 atm in multiwalled car-
bon nanotubes sMWNTsd was also reported.5–7 In contrast to
these reported promising results, other experimental mea-
surements gave very discouraging results of hydrogen stor-
age capacity in all examined carbon nanostructures, includ-
ing SWNTs and MWNTs at room temperature.8–12 Hydrogen
storage in carbon nanotubes at low temperature and high
pressure may be more suitable for obtaining higher hydrogen
storage capacity. Hydrogen adsorption capacity more than
8 wt % in purified crystalline ropes of SWNTs was observed
at ,128 atm and at 80 K.13 A storage capacity of more than
6 wt % at T=77 K and pressure 1–2 atm for hydrogen phy-
sisorbed on heavily processed ropes of SWNTs was also
reported.14,15 Open tipped MWNTs were found to adsorb
about 6.46 wt % of hydrogen at 77 K and at a pressure of
,12 MPa.16 However, recent measurements on pretreated
large MWNT samples s,85 gd showed that the maximum
releasable H2 adsorbed at 77 K was 2.27 wt %.17 Although
less controversial as those reported on the hydrogen storage
capacity of carbon nanotubes at room temperature, the data
provided by different experimental groups for hydrogen stor-
age capacity under cryogenic operating conditions are di-
verse from each other.
Theoretical studies of hydrogen storage in SWNTs by us-
ing great canonical ensemble Monte Carlo simulations with
different classical effective potentials have been reported
based on physisorption concepts.18–21 These simulations pre-
dicted that it is difficult to obtain the hydrogen storage ca-
pacity at room temperature to reach the target set by the U.S.
Department of Energy sDOEd for automobile applications,
i.e., the gravimetric storage of 6.5 wt % and the volumetric
capacity of 62 Kg H2/m3. At 77 K and 70 bar, the simula-
tion of hydrogen storage in triangular array of narrow nano-
tubes, which were widely separated s1.3 to 3.0 nmd, showed
that the DOE benchmark could be reached.20 At 10 MPa and
77 K, the simulation of hydrogen adsorption capacity in a
square lattice consisting of SWNTs of diameter ,2.2 nm and
intertube spacing ,1.1 nm predicted a maximum gravimet-
ric capacity of ,11.2 wt % and volumetric density of
60 Kg/m3.19 However, these very encouraging simulation
results given by Refs. 19 and 20 were based on ideal struc-
tures of SWNTs array with large intertube separation sgreater
than 1.1 nmd. On the other hand, if the real van der Waals
gap of 0.32 nm was used in the SWNTs array, the storage
capacity would be very low21 or less than that of idealized
slit pores.18 Hydrogen storage in SWNTs through chemisorp-
tion was also studied theoretically.22–26 Chemisorption, in ad-
dition to physisorption, may obtain higher adsorption capac-
ity. However, chemisorbed hydrogen may only be released at
a high temperature, and its practical application is thus lim-
ited. The main research activities in recent years and
progress in this field were reviewed by Dillon and Heben,27
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and Becher et al.28 There is a key problem that should be
resolved by the researchers, which is how to achieve a high
capacity of hydrogen storage in carbon nanotubes based on
physisorption, instead of chemical adsorption, at room tem-
perature and moderate pressure. To enhance the physical in-
teraction potential between H2 molecules and carbon atoms
on the tube wall, several authors have considered rough sur-
face sites due to the distortions arising from subnanoscale
defect structures, subnanopores, and open ends.15,16 But the
role of the defects on hydrogen adsorption has not been de-
scribed explicitly. In fact, most of the experimental groups
reported their results of hydrogen storage capacity without
explicitly specifying the amount of defects that might exist in
their samples. Considering different preparation methods of
sample synthesis and pretreatment used by the different
groups before the hydrogen uptake experiments, the experi-
mental results reported may be actually for samples with
different amount of defects. Therefore, it is important to in-
vestigate comprehensively the process of H2 molecules ad-
sorbing on and desorbing from the walls of defected SWNTs
and perfect SWNTs, and to find out the difference of the
adsorption energies of H2 adsorbed on defected and perfect
SWNTs. These studies will be very useful for a better under-
standing of the mechanism and other crucial aspects in hy-
drogen storage in SWNTs. In this work we will show that
defects created randomly on the walls of SWNTs have an
essential role on hydrogen adsorption.
II. THEORETICAL METHODS
A s10,10d SWNT segment with length of ,5.9 nm was
used as a model tube in the molecular dynamics simulations
sMDSd. Other narrower SWNTs, such as s5,5d and s6,6d
SWNTs, were also studied. But we only report the results of
s10,10d SWNTs as we found that the adsorption energy of
hydrogen molecules on SWNTs depends weakly on the di-
ameter of the SWNTs. The second generation of Brenner
potential29 with the van der Waals interactions incorporated
was used in the MDS. There are two reasons to use this
parametrized potential in the MDS rather than use of an ab
initio MDS method. The first one is that the large number of
atoms involved in the sampling cell and the long time scale
needed to simulate the detailed processes of defects creation,
structure relaxation, hydrogen molecules adsorption on the
wall of the SWNT and hydrogen molecules desorption from
the adsorbing sites make ab initio MDS methods practically
unfeasible. The second is that the Brenner potential is a re-
alistic empirical potential for using to describe the interac-
tions in carbon and hydrocarbon systems. For example the
bond length and the binding energy of a H2 molecule ob-
tained from the second generation of Brenner potential are
0.74 Å and −4.73 eV, respectively, in comparison with the
corresponding values of 0.74 Å and −4.76 eV, respectively,
obtained from a GAUSSIAN98 package.30 The average CuC
bond length in a s10,10d SWNT given by the Brenner poten-
tial is ,1.41 Å vs 1.42 Å given by an ab initio computer
package, SIESTA,31 which is based on density functional
theory sDFTd with norm-conserving pseudopotentials in its
fully nonlocal Kleinman-Bylander form.32 The cohesive en-
ergy of the s10,10d SWNT obtained from the Brenner poten-
tial is ,−7.2 eV s,0.02 eV relative to graphited per carbon
atom versus ,−7.36 eV s,0.045 eV relative to graphited per
carbon atom obtained from ab initio calculations.33 These
comparisons indicate that the results obtained from the Bren-
ner potential are in good agreement with those from the ab
initio calculations. We also calculated the condensation en-
ergy of H2 molecules confined in a s5,5d SWNT at 0 K by
using the Brenner potential in conjunction with van der
Waals interactions and by using ab initio DFT calculation,
respectively. The condensation energy obtained from the
Brenner potential is ,4 meV per H2 molecule, in compari-
son with the value of ,7 meV per H2 molecule obtained
from the DFT calculation. It indicates that even for the weak
interaction system, where van der Waals molecular forces are
the dominant interactions, the Brenner potential, with proper
van der Waals parameters incorporated, can also give result,
which is in reasonable agreement with that of the DFT cal-
culation.
To give a clear picture of hydrogen molecules adsorbing
on and desorbing from the adsorbing sites on the SWNTs,
the electron density distributions, the electron transfer during
these processes, and the local density of states sDOSd for the
H2 molecule adsorbed on different sites were calculated by
using SIESTA. The basis set used is a very general and flexible
linear combination of numerical atomic orbitals sLCAOd.
The atomic orbital basis set used was double-z plus polariza-
tion orbitals. The exchange-correlation potential adopted in
the calculations is a generalized gradient approximation with
the parametrization of an exchange-correlation functional of
Perdew-Bunke-Ernzerhof.34 The supercell used was a
s10,10d SWNT segment containing 120 carbon atoms, and
periodic boundary condition was used in the calculations.
The valence charge density contours were obtained and plot-
ted by using the utility program, DENCHAR, in the SIESTA
package.
For the first step, we simulated the detailed processes of
defect creation on the exterior wall of the SWNTs. Carbon
atoms and C2 dimers were used to collide, at 20 eV, onto one
side of the model s10,10d SWNT. The collisional points were
randomly selected over one side of the SWNT, while leaving
the other side of the tube free from any collision. In this way
the defects were formed only on the bombarded side of the
tube, and the other side of the tube was kept defect-free. We
found that at the collision energy of 20 eV, the colliding C
atoms and C2 dimers were easily chemically adsorbed on the
wall, with an adsorption probability higher than 0.85. Fol-
lowing each collision event, we let the system free relax for
200 ps before the next collision takes place. Thirty collision
events were simulated, which involved 10 incident carbon
atoms and 20 incident C2 dimers. Those collisions made the
SWNT have defects distributed over the bombarded area on
the tube wall. Then we annealed the system at 1500 K for
1 ns by using a Langevin molecular dynamics scheme.35
Stable defects such as two-coordinated defects, chemisorbed
C2 dimers dangling over the adsorbing sites, 7-5-5-7 pairs,
and subnanoscale loops, were observed. This defected
s10,10d SWNT was used in the subsequent simulations of
hydrogen adsorption processes, and was taken as a counter-
part to compare with the hydrogen adsorption ability of the
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perfect defect-free SWNT. According to the relationship be-
tween the average translational kinetic energy of molecules
and the temperature in a thermal equilibrium system, we set
the initial translational kinetic energies of the H2 molecules,
which were colliding onto the model SWNTs, in the range
from 0.005 to 0.2 eV to cover a large effective temperature
range in the simulations of the hydrogen adsorption process.
At each energy chosen for the incident H2 molecules, the
defected model s10,10d SWNT and the counterpart tube, the
perfect model s10,10d SWNT, were used as targets to give a
clear comparison of the hydrogen adsorption behaviors be-
tween the defected tube and the perfect tube.
III. RESULTS AND DISCUSSION
A. Hydrogen molecules adsorption on and desorption from
SWNTs
In Fig. 1, we show the hydrogen adsorption process for
H2 molecules incident at 0.1 eV onto the defected SWNTs.
The inset on the top of this figure shows the three typical
defects formed on the tube wall: an adsorbed carbon atom,
an adsorbed C2 dimer dangling over the adsorbing site, and
7-5-5-7 pairs. The carbon atoms on the tube wall are at-
tracted by the adsorbed carbon atom and a C2 dimer forming
sp3-like structures. All these defects cause remarkable local
deformation on the wall of the SWNT. Figure 1sad shows the
initial positions of 30 H2 molecules, from where they were
colliding, at an incident energy of 0.1 eV, onto the wall of
the defected s10,10d SWNT. Half of them were colliding
towards the defected side of the tube, and the rest of them
were colliding onto the other side of the tube. Figure 1sbd
shows the kinetic collision process at simulation time 600 fs.
At this moment, some of the H2 molecules are scattered from
the tube wall, and the others are tentatively adsorbed on the
wall of the tube. As shown in Fig. 1scd, at a simulation time
of t=1500 fs, while most of the H2 molecules are scattered
away or desorbed from the tube wall, there are five H2 mol-
ecules still being adsorbed near the defects on the wall of the
tube. The simulations indicate that the kinetic scattering
events usually take place within several hundred femtosec-
onds. Therefore we can define a sticking coefficient as the
ratio of the number of H2 molecules that still remain on the
tube wall for a time interval longer than 1 ps after the colli-
sion, to the total number of the incident H2 molecules. It is
obvious that the collision energy of 0.1 eV, which is equiva-
lent to the average translational kinetic energy of a three-
dimensional molecular system at temperature about 770 K,
is too high to get a high sticking probability. The sticking
coefficient in this case is only about 0.17, and the stably
adsorbed H2 molecules are all located near the defects. Fig-
ure 1sdd depicts the configuration of the H2-defected SWNT
complex after free relaxation for 10 ps and annealing at
300 K for 100 ps. This indicates that the defects created by
20 eV carbon bombardments have enhanced the adsorption
potential between the tube wall and the H2 molecules, even
at room temperature.
However, when a perfect s10,10d SWNT is used as the H2
adsorbing target under the same H2 molecule incident condi-
tion as that described above for the defected tube, we find
that the sticking coefficient is reduced to about 0.12. More
remarkably, when the adsorption complex, H2-perfect
SWNT, is heating at 200 K for 100 ps, all the adsorbed H2
molecules are desorbed. This indicates that for defect-free
SWNTs it is difficult to have a hydrogen adsorption ability at
a temperature higher than 200 K.
The present MDS results indicate that the hydrogen ad-
sorption ability of the SWNTs is very sensitive to the inci-
dent energy of the hydrogen molecules, or sensitive to the
temperature. Figure 2 shows the stable hydrogen adsorption
behavior of the defected s10,10d SWNT for H2 molecule
collision at 0.01 eV onto the tube wall. The initial collision
positions of the H2 molecules are the same as those shown in
Fig. 1sad. At a simulation time of 1500 fs following the col-
lision, we obtain an adsorption configuration, as shown in
Fig. 2sad. In this case, the sticking coefficient of H2 on the
defected tube is as high as 0.80. Continuing the relaxation of
this system until at the simulation time of 10 ps, we obtain
the H2-defected SWNT complex as shown in Fig. 2sbd.
When the complex is annealed at 300 K for 300 ps, we ob-
tain a configuration as shown in Fig. 2scd. Figure 2sdd shows
the stable adsorption structure of the system when it is an-
nealed at 300 K for 1 ns. From the configurations shown in
Fig. 2sbd to Fig. 2sdd, there is no H2 molecule desorbed from
the tube wall. We also studied the lateral motions of the H2
molecules on the surface of the defected SWNT at 300 K.
For most of the H2 molecules on the defected SWNT, the
defects and the local deformation prevent the H2 molecules
from long distance diffusion on the wall of the SWNT.
FIG. 1. The scattering and adsorption process of H2 molecules
colliding at 0.1 eV onto a defected s10,10d SWNT: sad the initial
positions of the H2 molecules, from where they are colliding onto
the tube wall; sbd the configuration of the system at t=600 fs after
the collisions, showing some of the H2 molecules scattered from the
tube wall and others adsorbed tentatively on the wall; scd at time
t=1500 fs, most of the H2 molecules are scattered away; and sdd the
stably adsorbed H2 molecules near the defect sites at 300 K, the
inset of this figure shows some typical defects formed on the tube
wall.
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It is interesting to analyze the results shown in Fig. 2. The
collision energy, 0.01 eV, is equivalent to the average trans-
lational kinetic energy of a particle system at a thermal equi-
librium temperature of ,77 K. The high sticking coefficient
in this case is consistent with the experimental results,13–16
which showed that hydrogen uptake under cryogenic operat-
ing conditions were more favorable than at an ambient tem-
perature. The second feature shown in Fig. 2 is that the H2
molecules can be adsorbed not only on the area where de-
fects are existent but also can be adsorbed on the other side
of the tube where it is defect-free, indicating the enhance-
ment of the adsorption potential between the H2 molecules
and the severely deformed surface of the tube wall due to the
bombardment-produced defects. Another feature demon-
strated in Fig. 2, which may be more important for practical
utilization, is that a warming up to as high as room tempera-
ture does not remove the H2 molecules adsorbed on the de-
fected SWNT under an equivalent low temperature condi-
tion.
The hydrogen adsorption behavior of the perfect and
defect-free SWNT is remarkably different from that of the
defected tube. Figure 3 depicts the processes of H2 molecules
adsorbed to and subsequently desorbed from a perfect
s10,10d SWNT. Figure 3sad shows the initial positions of the
H2 molecules, from where they collide, at an incident energy
of 0.01 eV, onto two opposite sides of a perfect s10,10d
SWNT. Figure 3sbd shows the configuration of the system at
a simulation time of t=1500 fs following the collisions. At
this moment, more than half of the colliding H2 molecules
are scattered away and the sticking coefficient is about 0.40.
When we heat the H2-perfect SWNT complex as shown in
Fig. 3sbd at 300 K for 300 ps, we obtain a configuration as
shown in Fig. 3scd. It is obvious that at this moment most of
the adsorbed H2 molecules are desorbed from the tube wall,
leaving only one H2 molecule adsorbed. Accompany the de-
sorption process remarkable random walking diffusion of the
H2 molecules on the wall of the SWNT is observed. When
we lengthen the annealing time to ,1 ns, the last adsorbed
H2 molecule is desorbed from the tube wall, as shown in Fig.
3sdd. Figure 3 clearly shows that the perfect SWNT cannot
adsorb H2 molecules at room temperature, in contrast to its
counterpart, the defected s10,10d SWNT. We also studied the
sticking coefficient variation with the incident energy of hy-
drogen molecules for both the defected s10,10d SWNT and
the perfect s10,10d SWNT. The results are shown in Fig. 4. It
is evident that in the studied energy range, the sticking coef-
ficient of H2 molecules on the defected SWNT is always
higher than that on the perfect SWNT, especially when the
incident energy of H2 molecules is lower than 0.04 eV.
There is a sticking maximum around the incident energy
0.01 eV for both the defected SWNT and the perfect SWNT.
As mentioned previously this energy is just equivalent to the
average kinetic energy of H2 molecules at ,77 K. Therefore,
the present work predicts a best uptake temperature ranging
from 70 to 90 K.
B. Adsorption energies and electron density contours around
the adsorption sites
To make the H2 adsorption on and desorption from the
SWNTs more clearly we have calculated the adsorption en-
FIG. 2. H2 molecules adsorbed on a defected s10,10d SWNT
upon the collisions at 0.01 eV: sad at time t=1500 fs after the col-
lisions, only about 20% of the H2 molecules are scattered; sbd the
configuration of the system at t=10 ps after the collisions; scd the
configuration of the system after annealing at 300 K for 300 ps; and
sdd the configuration of the system after annealing at 300 K for
1 ns, showing very stable adsorption of the H2 molecules on the
defected tube wall.
FIG. 3. H2 molecules adsorbing on and desorbing from a perfect
s10,10d SWNT: sad the initial positions of the H2 molecules, from
where they are colliding at 0.01 eV onto the perfect SWNT; sbd at
time t=1500 fs following the collisions, more than half of the H2
molecules are scattered off; scd the configuration of the system after
it is annealed at 300 K for 300 ps; and sdd annealing at 300 K for
1 ns; the last adsorbed H2 molecule is desorbed.
FIG. 4. The sticking coefficient as a function of incident energy
of H2 molecules for the cases of H2 on the defected SWNT and of
H2 on the perfect SWNT, showing the peaks around an equivalent
temperature ranging from 70 K to 90 K.
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ergies, the electron transfer, the electron density distributions
around the adsorption sites, and the local DOS for both the
cases of H2 molecules adsorbed on the defected SWNT and
on the perfect SWNT by using the ab initio computer code,
SIESTA. The adsorption energy, Ead, is defined as Ead
=EH2-SWNT-ESWNT-EH2, where EH2-SWNT is the total energy of
the H2-SWNT complex, ESWNT is the energy of the SWNT
before the adsorption taking place, and EH2 is the energy of a
H2 molecule at ground state. Figure 5 shows the interaction
energy between an adsorbed H2 molecule and a perfect
s10,10d SWNT as a function of the distance from the adsorb-
ing site to the adsorbed H2 scenter of massd projected on the
radial direction of the SWNT. The line with the solid sym-
bols is obtained from SIESTA, and the line with the open
symbols is obtained from Brenner potential combined with
van der Waals interactions. These curves are for the case of a
H2 molecule adsorbed on the wall of the perfect s10,10d
SWNT via collision at 0.01 eV. This H2 molecule is a typical
one among all the adsorbed H2 molecules. Because the initial
positions and the molecular orientations of the incident H2
molecules are randomly selected, the adsorbed H2 molecules
have different molecular orientations relative to the tube
axis. The adsorption energies of the adsorbed H2 molecules
are therefore different from each other. However, our study
shows that the molecular orientation of the adsorbed H2
makes not much difference of the adsorption energy in the
case of H2 molecules adsorbed on perfect SWNT sbut not in
the case of adsorbed on the defected SWNTd. Therefore, the
interaction energy curve for any adsorbed H2 molecule on
the perfect SWNT is similar to that shown in Fig. 5. Figure 5
shows that the van der Waals well obtained from SIESTA is
closer to the tube wall and deeper than that obtained from the
empirical van der Waals interaction. The well depth given by
SIESTA is ,160 meV, while the empirical van der Waals well
has a depth of ,103 meV. Although ab initio calculations
are better, in principle, than the calculations from empirical
potentials in many cases, an ab initio method may not always
predict accurately the van der Waals interactions, except for
very simple systems.36 On the other hand, the empirical van
der Waals parameters for many molecular systems have been
known accurately. Nevertheless, from the results shown in
Fig. 5 it is evident that the ab initio calculations and the
empirical calculations provide reasonably consistent results,
particularly when the totally different calculation principles
used in the ab initio method and the classical method is
considered. Figure 5 gives a very clear indication that the H2
molecule is physisorbed on the exo-wall of the SWNT. This
is in agreement with the conclusion drawn
experimentally.14,16,37–41 Recently, Pradhan et al. reported the
experimental isosteric heat ,125±5 meV for H2 molecules
adsorbed on SWNTs.14,15 Since the isosteric heat of adsorp-
tion is very close to the adsorption sbindingd energy at low
temperature, we can compare their result with our theoretical
result. It seems that the adsorption energy given by our em-
pirical calculation agrees quite well with their result. Further
more, our empirical adsorption energy of 103 meV is close
to the value of 114 meV, which was obtained by using DFT
calculations for endohedral physisorption of H2 in SWNTs.25
It is interesting to compare the adsorption energies for H2
molecules adsorbed on the defected SWNTs with that for H2
molecules adsorbed on the perfect SWNTs. Our empirical
calculations show that the average adsorption energy for H2
adsorbed on the defected s10,10d SWNT is ,149.8 meV
with a standard deviation as large as ,75.6 meV, whereas
the average adsorption energy for H2 adsorbed on the perfect
s10,10d SWNT is ,103.8 meV with a standard deviation
,11.5 meV. It means that the defects created by C atom and
C2 dimer bombardments have increased the hydrogen ad-
sorption energy substantially. The great standard deviation
value in the case of a defected tube indicates that the differ-
ent types of defects and the local deformation caused by the
defects make the interaction potential at different sites
change remarkably.
Using a SIESTA package we have studied the electronic
structures for the H2-defected s10,10d SWNT complex and
the H2-perfect s10,10d SWNT complex, from which the re-
markable difference of hydrogen adsorption and desorption
characteristics between these complexes can be clearly dem-
onstrated. Figure 6 shows a detailed desorption process of a
H2 molecule, which is initially adsorbed on the wall of the
perfect s10,10d SWNT. Figure 6sad depicts the radial distance
between the center of mass of an adsorbed H2 molecule and
the adsorbing site on the tube wall versus annealing time. At
annealing temperature 100 K, the adsorbed H2 molecule vi-
brates around an equilibrium distance, ,3.2 Å
s,6.05 Bohrd, from the adsorption site. In this case, the H2
molecule is adsorbed stably on the tube wall. The corre-
sponding electron density contour on the plane containing
the H2 molecule and the closest carbon atom is shown in Fig.
6sbd. This electron density contour confirms that the H2 is
physisorbed on the tube wall. The small amount of electric
charge transfer s,0.04ed, among the H2 molecule and all the
neighbor carbon atoms of the SWNT, excludes the possibil-
ity of chemisorption. When the temperature is increased to
200 K, the adsorption of the H2 becomes unstable, as shown
in Fig. 6sad. The H2 molecule oscillates drastically and has
desorbed far away from the tube wall at annealing time, t
=80 ps. Figure 6scd shows the electron density contour at
annealing time t=36 ps, when the H2 molecule is just escap-
ing from the adsorbing site. Figure 6sdd gives the electron
density contour at annealing time, t=50 ps. At this moment,
the H2 molecule is essentially desorbed. Figure 6sed shows
the local DOS for a perfect s10,10d SWNT, while Fig. 6sfd
FIG. 5. The interaction energy between a H2 molecule and a
perfect s10,10d SWNT versus radial distance from the adsorption
site, comparing the curve obtained from SIESTA with that from the
empirical van der Waals potential.
ENHANCEMENT OF HYDROGEN PHYSISORPTION ON… PHYSICAL REVIEW B 71, 075412 s2005d
075412-5
depicts the DOS of the SWNT after a H2 molecule being
absorbed on it. It is obvious that the adsorbed H2 molecule
does not affect the DOS very much. Only very trivial
changes of the DOS near the Fermi level can be observed.
This further confirms the characteristic of physisorption of
the H2 molecule on the tube wall. Figure 6 gives unambigu-
ously the evidence of hydrogen physisorption and gives a
clear process of a H2 molecule desorbing from a physisorp-
tion site on the perfect s10,10d SWNT. It indicates that H2
molecules adsorbed on perfect SWNTs can keep stable at
low temperature, for example, at ,100 K, but they will be
desorbed at a temperature higher than 200 K fsee Fig. 6sadg,
although a few of them are released at 300 K as shown in
Fig. 3. This result is consistent with many experiments,
which reported that SWNTs have a certain hydrogen storage
capacity at low temperature,13–15 but have very low hydrogen
uptake capacity at room temperature.8–12 For H2 molecules
adsorbed on defected SWNTs, the situation is very different.
Figure 7 shows a H2 molecule stably adsorbed on the de-
fected s10,10d SWNT at 300 K. Figure 7sad shows the radial
distance of the adsorbed H2 molecule from the adsorbing site
on a defected s10,10d SWNT, versus annealing time at tem-
perature, T=300 K. It is obvious that this H2 molecule is
vibrating around its equilibrium distance without the trend of
escaping from the tube in the time scale studied. Figure 7sbd
depicts the electron density contour on the plane containing
the H2 molecule and the nearest carbon atom of the SWNT.
It is very clear that the H2 molecule is physisorbed by both
the carbon atoms of the SWNT and the local defect, which is
a C2 dimer chemisorbed on the wall of the SWNT. Figure
7scd depicts the local DOS of the C2-defected SWNT. In
comparison with the DOS of the perfect s10,10d SWNT
shown in Fig. 6sed, we find that the defect, a chemically
adsorbed C2 dimer, changes the local DOS substantially.
However, when a H2 molecule is adsorbed near the defect
site fsee Fig. 7sbdg, we obtain the local DOS as shown in Fig.
7sdd, which is almost undistinguishable from Fig. 7scd. It
means that the local DOS of the defected SWNT is deter-
mined by the defect itself and the physisorbed H2 molecule
has negligible contribution to the DOS. From Fig. 7, we see
clearly that the defects produced by collisions are essentially
to keep the physisorbed H2 molecule stable at room tempera-
ture.
The present work shows clearly that the hydrogen phys-
isorption potential on SWNTs can be enhanced by defects
created on the tube wall by using low energy carbon atoms
or C2 dimer bombardments. From a technical point of view,
it is easy to realize the low energy collision conditions, for
example, by using a carbon plasma environment or using a
FIG. 6. The electron density contours during a H2 molecule
desorbing from a perfect s10,10d SWNT and the local DOS of the
perfect s10,10d SWNT before and after the adsorption of a H2 mol-
ecule: sad the radial distance between the H2 molecule and the ad-
sorbing site as a function of time; sbd the electron density contour of
a H2 molecule adsorbed on the perfect s10,10d SWNT, this
H2-perfect SWNT complex is formed by the H2 colliding onto the
tube wall and followed by annealing at 100 K for 1 ps, a physisorp-
tion is confirmed; scd the electron density contour at annealing time,
t=36 ps s100 K for 30 ps and 200 K for 6 psd, showing that the H2
molecule is desorbing from the adsorbing site; and sdd the electron
density contour showing that the H2 molecule is completely des-
orbed from the tube wall at annealing time, t=50 ps s100 K for
30 ps and 200 K for 20 psd; sed the local DOS of the perfect SWNT
before the H2 adsorption; and sfd the local DOS of the SWNT after
the H2 adsorption.
FIG. 7. Stable adsorption at 300 K for a H2 molecule adsorbed
near a defect that is a chemically adsorbed C2 dimer on the defected
s10,10d SWNT: sad the radial distance between the H2 molecule and
the adsorbing site on the tube as a function of annealing time at
300 K; sbd the electron density contour showing the H2 is phys-
isorbed on the tube wall; scd the local DOS of the defected s10,10d
SWNT before the H2 adsorption; and sdd the local DOS of the
defected s10,10d SWNT after the H2 adsorption.
XIA et al. PHYSICAL REVIEW B 71, 075412 s2005d
075412-6
carbon ion source in conjunction with a proper decelerate
device. Therefore, a simple method of defect creation by low
energy collision is suggested to improve hydrogen storage
capacity. An outstanding feature of hydrogen adsorption on
the defected SWNTs is that the H2 molecules adsorbed on
the defected SWNTs at low temperature can keep stable
when the H2-defected tube complex is warmed up at room
temperature. This may imply a possible technical road, that
is to perform hydrogen uptake in a temperature range from
70 K to 90 K to get the advantage of a high sticking coeffi-
cient, and then to put the H2-defected SWNT system back to
room temperature for subsequent convenience of use in an
ambient environment. The present work indicates that while
H2 molecules cannot be adsorbed stably on the wall of per-
fect SWNTs at room temperature, the defected SWNTs, on
the other hand, definitely have good H2 adsorption ability at
room temperature. It should be noted that we have only stud-
ied the hydrogen adsorption properties for single isolated
SWNT. For practical SWNTs aligned in bundles or ropes, the
available surface area of the SWNTs are substantially re-
duced. We have not discussed the way of disintegrating the
SWNT from the bundles. Nevertheless, to find the way to
enhance the H2 adsorption potential on SWNTs and to study
the adsorption and desorption mechanism are very important
for the investigation of a hydrogen storage capacity in
SWNTs.
IV. SUMMARY
Our extensive MDS studies and DFT calculations indicate
that subnanoscale defects can be created on the exterior wall
of SWNTs by low energy collisions of C atoms sor ionsd and
C2 dimers onto the SWNTs. The bombarding-induced de-
fects can substantially enhance the H2 molecular adsorption
ability. The average adsorption energy for H2 molecules ad-
sorbed on the defected s10,10d SWNT is about 150 meV in
comparison with that of 104 meV for H2 molecules adsorbed
on the perfect s10,10d SWNT. The defects and the local de-
formation caused by the defects make the sticking coefficient
higher for the defected SWNT than that for the perfect
SWNT. The sticking coefficient is sensitive to the incident
energy or equivalently to the temperature, with a peak ap-
pearing in the equivalent temperature ranging from
70 K to 90 K. The electron density contours and the electric
charge transfers during the adsorption and desorption pro-
cesses confirm that the H2 molecules are physisorbed on the
exterior wall of the SWNTs. The adsorbed H2 molecules on
the perfect SWNTs commence desorbing at temperature T
,200 K, whereas the adsorbed H2 molecules on the de-
fected SWNTs keep stable at 300 K.
ACKNOWLEDGMENTS
This work was supported by the National Natural Science
Foundation of China under Grants No. 10175038 and No.
10374059, and was supported by the Education Ministry of
China under Grant No. 20020422012.
1 A. C. Dillon, K. M. Jones, T. A. Bekkedahl, C. H. Kiang, D. S.
Bethune, and M. J. Heben, Nature sLondond 386, 377 s1997d.
2 C. Liu, Y. Y. Fan, M. Liu, H. T. Cong, H. M. Cheng, and M. S.
Dresselhaus, Science 286, 1127 s1999d.
3 C. Liu, Q. H. Yang, Y. Tong, H. T. Cong, and H. M. Cheng, Appl.
Phys. Lett. 80, 2389 s2002d.
4 A. C. Dillon, T. Gennett, J. L. Alleman, K. M. Jones, P. A. Parilla,
and M. J. Herben, Carbon Nanotube Materials for Hydrogen
Storage, in Proceedings of the 2000 U.S. DOE/NREL Hydrogen
Program Rev., San Ramon, CA, 2000.
5 Y. Y. Fan, B. Liao, M. Liu, Y. L. Wie, M. Q. Lu, and H. M.
Cheng, Carbon 37, 1649 s1999d.
6 H. M. Cheng, C. Liu, Y. Y. Fan, F. Li, G. Su, L. L. He, and M.
Liu, Z. Metallkd. 91, 306 s2000d.
7 Y. Chen, D. T. Shaw, X. D. Bai, E. G. Wang, C. Lund, W. M. Lu,
and D. D. L. Chung, Appl. Phys. Lett. 78, 2128 s2001d.
8 M. Hirscher, M. Becher, M. Haluska, U. Dettlaff-Weglikowska,
A. Quintel, G. S. Duesberg, Y. M. Chio, P. Downes, M. Mulman,
S. Roth, I. Stepanek, and P. Bernier, Appl. Phys. A: Mater. Sci.
Process. 72, 129 s2001d.
9 M. Ritschel, M. Uhlemann, O. Gutfleisch, A. Leonhardt, A. Graff,
Ch. Täschner, and J. Fink, Appl. Phys. Lett. 80, 2985 s2002d.
10 G. G. Tibbetts, G. P. Meisner, and C. H. Olk, Carbon 39, 2291
s2001d.
11 X. Chen, M. Haluska, U. Dettlaff-Wegliskowska, M. Hirscher, M.
Becher, and S. Roth, MRS Symposia Proceedings No. 760 sMa-
terials Research Society, 2002d, p. 29.11.1.
12 R. Bacsa, C. Laurent, R. Morishima, H. Suzuki, and M. L. Lay, J.
Phys. Chem. B 108, 12718 s2004d.
13 Y. Ye, C. C. Ahn, C. Witham, B. Fultz, J. Liu, A. G. Rinzler, D.
Colbert, K. A. Smith, and R. E. Smalley, Appl. Phys. Lett. 74,
2307 s1999d.
14 B. K. Pradhan, G. U. Sumanasekera, K. W. Adu, H. E. Romero,
K. A. Williams, and P. C. Eklund, Physica B 323, 115 s2002d.
15 B. K. Pradhan, A. R. Harutyunyan, D. Stojkovic, J. C. Grossman,
P. Zhang, M. W. Cole, V. Crespi, H. Goto, J. Fujiwara, and P. C.
Eklund, J. Mater. Res. 17, 2209 s2002d.
16 H. Gao, X. B. Wu, J. T. Li, G. T. Wu, J. Y. Lin, K. Wu, and D. S.
Xu, Appl. Phys. Lett. 83, 3389 s2003d.
17 G. Q. Ning, F. Wei, G. H. Luo, Q. X. Wang, Y. L. Wu, and H. Yu,
Appl. Phys. A: Mater. Sci. Process. 78, 955 s2004d.
18 Q. Wang and J. K. Johnson, J. Chem. Phys. 110, 577 s1999d.
19 F. Darkrim and D. Levesque, J. Phys. Chem. B 104, 6773 s2000d.
20 Y. F. Yin, T. Mays, and B. McEnaney, Langmuir 16, 10521
s2000d.
21 P. Guay, B. L. Stansfield, and A. Rochefort, Carbon 42, 2187
s2004d.
22 S. M. Lee and Y. H. Lee, Appl. Phys. Lett. 76, 2877 s2000d.
23 T. Yildirim, O. Gülseren, and S. Ciraci, Phys. Rev. B 64, 075404
s2001d.
ENHANCEMENT OF HYDROGEN PHYSISORPTION ON… PHYSICAL REVIEW B 71, 075412 s2005d
075412-7
24 S. P. Chan, G. Chen, X. G. Gong, and Z. F. Liu, Phys. Rev. Lett.
87, 205502 s2001d.
25 J. Li, T. Furuta, H. Goto, T. Ohashi, Y. Fujiwara, and S. Yip, J.
Chem. Phys. 119, 2376 s2003d.
26 C. W. Bauschlicher, Jr., Nano Lett. 1, 223 s2001d.
27 A. C. Dillon and M. J. Heben, Appl. Phys. A: Mater. Sci. Process.
72, 133 s2001d.
28 M. Becher et al., C. R. Phys. 4, 1055 s2003d.
29 D. W. Brenner, O. A. Shenderova, J. A. Harrison, S. J. Stuart, B.
Ni, and S. B. Sinnott, J. Phys.: Condens. Matter 14, 783 s2002d.
30 M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., GAUSSIAN 98,
Gaussian Inc., Pittsburgh, PA, 1998.
31 J. M. Soler, E. Artacho, J. Gale, A. Carcia, J. Junquera, P. Orde-
jón, and D. Sánchez-Portal, J. Phys.: Condens. Matter 14, 2745
s2002d; P. Ordejón, E. Artacho, and J. M. Soler, Phys. Rev. B
53, R10 441 s1996d, and references therein.
32 L. Kleinman and D. M. Bylander, Phys. Rev. Lett. 48, 1425
s1982d.
33 G. B. Adams, O. F. Sankey, J. B. Page, M. O’Keeffe, and D. A.
Drabold, Science 256, 1792 s1992d.
34 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 s1996d; 78, 1396 s1997d.
35 R. Biswas and D. R. Hamann, Phys. Rev. B 34, 895 s1986d; J. R.
Chelikowsky, ibid. 45, 12 062 s1992d.
36 L. Jeloaica and V. Sidis, Chem. Phys. Lett. 300, 157 s1999d.
37 K. Shen and T. Pietrass, J. Phys. Chem. B 108, 9937 s2004d.
38 H. Kajiura, S. Tsutsui, K. Kadono, M. Kakuta, M. Ata, and Y.
Murakami, Appl. Phys. Lett. 82, 1105 s2003d.
39 G. U. Sumanasekera, C. K. W. Adu, B. K. Pradhan, G. Chen, H.
E. Romero, and P. C. Eklund, Phys. Rev. B 65, 035408 s2001d.
40 Y. Ren and D. L. Price, Appl. Phys. Lett. 79, 3684 s2001d.
41 M. R. Smith, Jr., E. W. Bittner, W. Shi, J. K. Johnson, and B. C.
Bockrath, J. Phys. Chem. B 107, 3752 s2003d.
XIA et al. PHYSICAL REVIEW B 71, 075412 s2005d
075412-8
